Neurotransmitter release at nerve terminals is triggered by localized domains of elevated calcium ion concentration ([Ca 2+ ] i ) in the vicinity of Ca 2+ channels (see for a recent review). Numerous simulations have addressed the problem of buffered calcium diffusion, which governs the build-up and collapse of these domains during short episodes of Ca 2+ influx (Roberts, 1994; Bucurenciu et al., 2008; Pan & Zucker, 2009; . Once Ca This review was presented at The Journal of Physiology Symposium entitled Size matters: formation and function of GIANT synapses, which took place at the Annual meeting of the Society for Neuroscience, New Orleans, LA, USA on 12 October 2012. It was commissioned by the Editorial Board and reflects the views of the authors.
Ca
2+ equilibrates with fast Ca 2+ buffers and gradients dissipate diffusionally. For small nerve terminals this happens on a time scale of 2-6 ms (see below). Such equilibrated, 'residual' [Ca 2+ ] i , typically below micromolar, is much lower than the peak [Ca 2+ ] i within the local domains (10-100 μM; for review see and does not trigger rapid release of neurotransmitter. Nevertheless, it is very important to understand its properties, since it may cause asynchronous transmitter release and it plays dominant roles in short-term J Physiol 591.13 plasticity (Neher & Sakaba, 2008) . 'Residual calcium' has already been postulated by Katz & Miledi (1968) to underlie short-term facilitation. More recently, evidence has accumulated that elevated global [Ca 2+ ] i can strongly enhance vesicle recruitment during ongoing activity, thereby counteracting rapid depletion of the pool of readily releasable vesicles, which would otherwise lead to short-term depression of neurotransmitter release (Dittman & Regehr, 1998; Wang & Kaczmarek, 1998) . In fact, a recent study at the calyx of Held, a giant nerve terminal of the auditory brainstem, provided evidence that during stimulation with high-frequency AP trains the rate of vesicle recruitment is about 10 times faster than at rest (Hosoi et al., 2007) . This study also showed that the globally measured [Ca 2+ ] i in the terminal rises to about 1.5-2 μM during such trains (see also Sabatini & Regehr, 1998; DiGregorio et al., 1999; Korogod et al., 2005; Müller et al., 2007; Lee et al., 2008) .
Although temporally and spatially equilibrated Ca 2+ signals should be much easier to understand than buffered diffusion within nanodomains, it turns out that no satisfactory description of global [Ca 2+ ] i , which would allow one to precisely predict its changes during and after single APs or AP trains, has yet been presented. The major problem lies in the fact that Ca 2+ indicator dyes, which are used to monitor [Ca 2+ ] i transients, themselves act like buffers and thereby distort Ca 2+ signals. Several studies have been performed which partially circumvent this problem by using low concentrations of low affinity indicator dyes (Helmchen et al. 1997; Sabatini & Regehr, 1998; Habets & Borst, 2006) . A study on the calyx of Held (Müller et al. 2007) presented convincing data showing that the global [Ca 2+ ] i transient following a single AP has a biphasic decay composed of a fast component with a time constant of 20-30 ms that is followed by a slow one with a time constant of about 500 ms (Fig. 1) . This work also demonstrated that the fast component of decay was due to Ca 2+ binding to a relatively 'slow' Ca 2+ buffer, most likely parvalbumin. The fast component disappeared upon 'washout' during prolonged episodes of tight-seal whole-cell recording and was not present in calyces of parvalbumin-deficient mice. Furthermore, it could be preserved during whole-cell recordings by including a low concentration of either EGTA or parvalbumin in the patch pipette. The time course of paired-pulse facilitation of EPSCs mirrored the decay of the [Ca 2+ ] i transients. The authors concluded that paired-pulse facilitation is, in part, controlled by global [Ca 2+ ] i and that this, in turn, owes its rapid decay to the binding of residual Ca 2+ to a mobile Ca 2+ buffer with slow binding kinetics, primarily represented by parvalbumin (Müller et al. 2007) .
While these results provide valuable insights regarding the rapid decay phase of the global [Ca 2+ ] i transients, the problem remains that current models of Ca 2+ buffering and sequestration do not reproduce the slow phase of [Ca 2+ ] i decay following single APs. This is already evident in Fig. 7 of Müller et al. (2007) 
Model assumptions and constraints
'Single compartment models' assume that within a given compartment the molecular species of interest are in diffusional equilibrium, i.e. they are homogeneously (Gabso et al. 1997; Naraghi et al. 1998) , such distances are covered at times shorter 6 ms.
Numerous studies have been performed on the kinetics of Ca 2+ buffering and sequestration (Neher & Augustine, 1992; Roberts, 1994; Lee et al. 2000; Chuhma & Ohmori, 2001; Billups & Forsythe, 2002; Kim et al. 2005; Habets & Borst, 2006; Aponte et al. 2008 Helmchen et al. (1997) revealed that the presynaptic cytosol behaves like a [Ca 2+ ] during the train (due to dissociation of Ca 2+ from the buffer) and a biphasic decay with a larger slow component, which, however, decays within a second. The simulations also include 100 μM of a fast buffer with 15 μM dissociation constant representing the indicator dye Fura-6F. (Neher & Augustine, 1992) predicts an exponentially decaying [Ca 2+ ] i transient with a time constant τ = (1+κ)/γ ≈ 100 ms, in agreement with the measurements.
The recent study by Müller et al. (2007) confirmed these findings for the calyx of Held in the whole-cell configuration. However, as mentioned above, it also provided evidence for a slow mobile buffer in the unperturbed calyx, which is probably lost during prolonged whole-cell recording. Extending the simplest model by including an EGTA-like buffer with slow kinetics Müller et al. (2007) In the following sections we will demonstrate that for a satisfactory reproduction of the slow decay component and for larger [Ca 2+ ] i transients the model had to be changed in several respects: We have to assume (i) a lower value for κ s (≈25), (ii) a lower slope for the low concentration limit of the extrusion rate, equivalent to a γ of 200-300 s −1 , (iii) a non-linear increase in extrusion rate, and (iv) a relatively low affinity for the endogenous mobile buffer.
Our calculations are based on the single compartment model of Neher & Augustine (1992) , as extended for inclusion of a slow buffer by Lee et al. (2000) . In the latter model the time constant τ f of the fast decay component is given by
Here, the second term on the right side is very small for [Ca 2+ ] below 5 μM and the last term, k − , representing dissociation of calcium from buffer, is reasonably small relative to the first term (see below). γ is the rate constant of the extrusion mechanism and k + is an apparent second order rate constant of Ca 2+ binding to a parvalbumin-like buffer with concentration [P] . It should be noted that parvalbumin also binds Mg 2+ , and that in the presence of free Mg 2+ the apparent rate constant is lower than the true one (Lee et al. 2000) . Furthermore, eqn (1) ratios of all rapid buffers. Usually κ is approximated by a term, κ s , representing the endogenous fast buffer, and by κ B representing the Ca 2+ indicator dye (Neher & Augustine, 1992) . If measurements are performed with a low concentration of a low affinity dye, κ B is small and we can write, for simplicity:
In fact, it turns out that the small errors made by neglecting k − and those by neglecting κ B partially compensate each other (see below). The term k + [P] represents the binding of Ca 2+ to free buffer (i.e. parvalbumin), which, together with the extrusion mechanism, determines the [Ca 2+ ] i decay. Below, we will also offer an alternative interpretation of the fast decay component. Müller et al. (2007) found a fast time constant τ f of 25 ms for the relatively unperturbed calyx and, in agreement with Helmchen et al. (1997) , a single time constant of around 100 ms after washout of the slow buffer parvalbumin. For the latter condition eqn (2) simplifies to:
From eqn (3) and τ = 0.1 s we can conclude:
Using eqns (2) and (4), and τ f = 25 ms we obtain:
Equations (4) and (5) fix the ratios between γ, κ s , and the product k + [P] 0 . Absolute values for κ, γ and k + can only be obtained with additional information. Helmchen et al. (1997) used several methods to calculate values for κ s and γ. κ s ranged from 27-71 with a grand mean of approximately 40 and correspondingly γ = 400 s −1 (see eqn (4)). These values are based on extrapolation to zero indicator dye concentration. Unfortunately, this extrapolation is not very robust. However, one can also analyse other aspects of their data. For instance, when terminals were loaded with 100 μM fura-2, a decay time constant of 1 s and an amplitude of 50 nM was measured. In this situation κ B , the Ca 2+ -binding ratio of fura-2, is 200 and dominates in eqns (1)-(3). Assuming κ s = 40 one obtains γ = τ −1 × κ = 240 s −1 . From this κ s = 24 is calculated, which is not consistent with the assumption of κ s = 40. However, the values for γ = 220 s −1 and κ s = 22 are consistent with each other. They may be more reliable.
Another indication for a lower value for κ s (and γ) comes from an estimate of the terminal's volume and Ca 2+ inflow during an AP. Helmchen et al. (1997) Müller et al. (2007) found an AP-induced [Ca 2+ ] i transient amplitude of 0.5 μM under similar conditions, using 100 μM Fura-6F. From that we obtain κ = 24. Here, the dye contributes a value of 7 to the κ, such that a value for κ s as low as 17 might be applicable. Taken together, we will consider in our simulations below the range 17 < κ s <40 and correspondingly 170 < γ < 400 s −1 . For further analytical estimates we will take the geometric means of these values:
Returning to the problem of the slow component of [Ca 2+ ] i decay, we now ask the question of how the properties of a slow buffer have to be tailored so that the model predicts such a decay component with sufficiently large amplitude (Müller et al. (2007) report that the slow component accounts for ≥15% of the decay of [Ca 2+ ] i transient). We first ask what criteria have to be fulfilled for observing a double exponential decay in a single compartment model. Lee et al. (2000) found that this is the case, if (using our terminology):
With k + [P] = 3γ (eqn (5)) this criterion is marginally fulfilled, considering the last term on the right side only. The first term contributes further, such that there is some basis for a two component fit (see below for an alternative interpretation). The amplitude of the slow component, A s , represents the equilibrium of Ca 2+ with all buffers, including the slow one:
Here, [Ca] tot is the total [Ca 2+ ] entering the cell during the AP and κ p is the Ca 2+ -binding ratio of the slow buffer, which for a low affinity, non-saturated buffer is simply the ratio of its total concentration over its dissociation constant
Considering that the initial amplitude A t before equilibration of the slow buffer is given by:
we readily derive:
For a ≥15% contribution of the slow component to the decay of [Ca 2+ ] i (A s /A f = A s /(A t -A s ) ≥ 0.176) and considering eqns (5) and (6) (Nägerl et al. 2000) . It is also larger than published Ca 2+ dissociation rates from parvalbumin (0.95 s −1 ; Lee et al. 2000) . Unfortunately, the single compartment model, provided all the underlying assumptions are correct, leaves little freedom in the choice of parameters when trying to obtain combinations of parameters, which would result in a lower value for k − . Considering eqn (11), one can see that for a given relative amplitude of the slow decay component, k − changes very little when simultaneously changing k + [P] and κ s . According to eqn (5), the latter two quantities have to be changed in proportion, if one wants to maintain the experimentally determined relationship between the fast decay time constants measured in the presence (25 ms) or absence (100 ms) of endogenous mobile buffer.
Given the values found for k − (≥5.1 s −1 ) and the product k + [P] (780 s −1 ) we can ask what the binding rate constant and the dissociation constant of an endogenous buffer would be if it were present at a total concentration of 100 μM (as assumed by Müller et al. (2007) ). The answer is: k + = 7.8 × 10 6 s
It should be noted though that the considerations up to this point only specify the product k + [P]. Any low affinity buffer that has a k − of ≥5.1 s −1 and is added at a concentration to yield the same product will reproduce the kinetics described so far.
Regarding the discrepancy between our postulate of a relative fast Ca 2+ dissociation rate of this buffer and the published value for parvalbumin of 0.95 s −1 (Lee et al. 2000) , we should emphasize that Ca 2+ competes with Mg 2+ for binding to parvalbumin. Thus, both our values for k + and k − should be considered apparent ones, reflecting the presence of an unknown amount of Mg 2+ in the unperturbed cytosol. In the study of Lee et al. (2000) , free Mg 2+ was buffered to about 140 μM which is an order of magnitude lower than can be expected for the cytosol. Therefore, their k − value should not be compromised by the effects of Mg 2+ binding. Thus, either the endogenous buffer may not be parvalbumin or else, more likely, one of the assumptions in the derivation of eqn (11) is not correct. We will discuss an alternative below.
Finally we can ask what slow time constant τ s would be expected for the parameters arrived at so far:
This is somewhat faster than measured. The discrepancy can be traced back to the neglect of the contribution of the indicator dye to Ca 2+ buffering and to the approximations implied in eqn (8).
Deviations from linearity for larger [Ca 2+ ] i transients
All the arguments about the kinetics of global [Ca 2+ ] i transients so far were based on signals, which were on average smaller than 500 nM. This is expected to justify the numerous assumptions regarding linearity (with [Ca 2+ ] i ):
• a low affinity endogenous buffer, represented by κ s • a low affinity indicator dye, represented by κ B • a linear extrusion mechanism, represented by the extrusion rate constant γ • a low affinity endogenous buffer.
The question remains: do these approximations also hold for larger signals? Literature data on a variety of cell types confirm this for the case of the fast endogenous buffer. Xu et al. (1997) titrated endogenous buffers in adrenal chromaffin cells and found a dissociation constant of about 100 μM. Habets & Borst (2006) concluded on the basis of kinetic modelling that the K D should be >5 μM in the calyx of Held. Sabatini & Regehr (1998) found a low affinity endogenous buffer in cerebellar granule cells, similar to that of magnesium green and mag-fura-5. Ca 2+ removal is less likely to be linear over a large [Ca 2+ ] i range. Although Habets & Borst (2006) conclude from modelling that removal should be linear up to about 1 μM in the calyx of Held, Kim et al. (2005) (Fig. 3) . The maximum slope of this relationship was around 1000 s −1 , which is fourfold higher than the low-concentration limit. Kim et al. (2005) .
J Physiol 591.13 Kim et al. (2005) ] i after depolarizing pulses and converting these into fluxes under the assumption of a constant κ s of 40. This leaves, in principle, the possibility that the non-linear rise in removal rate is an apparent one due to saturation of the endogenous buffer. In any case, the study by Kim et al. (2005) • A low affinity fixed buffer with a Ca 2+ -binding ratio κ s between 15 and 40.
• An endogenous mobile buffer with properties similar to those of parvalbumin, but with an apparent dissociation rate constant of 10-15 s −1 , which is much higher than previously suggested.
• A Ca 2+ -removal mechanism with a [Ca 2+ ] i -dependent rate that has a limiting low-concentration slope of 150 to 400 s −1 and a sigmoid shape for concentrations above 500 nM.
These elements provide a 'phenomenological' description of the diffusionally equilibrated [Ca 2+ ] i signal in the framework of the single compartment model. However, due to the intrinsic properties of Ca 2+ buffering and removal, parameters derived using the single compartment model are not well defined in terms of their absolute values:
• for the Ca 2+ -binding ratio κ and the strength of the Ca 2+ -removal mechanism γ, only their ratio is well-defined • the exact shape of the Ca 2+ -removal curve may deviate from that of Fig. 3 if the Ca 2+ -binding ratio κ is not constant for [Ca 2+ ] i values higher than 1 μM.
To date, it seems, no measurements have been performed that rigorously test the assumption of a constant Ca 2+ -binding ratio (or else the low affinity assumption) of the endogenous fixed buffer. More precise measurements of the absolute value of κ s with low-affinity buffers after complete washout of mobile buffers are required.
The discrepancy between our estimates for the apparent dissociation rate constant for the endogenous mobile buffer and published values for parvalbumin, which is the best candidate for this buffer, call for reconsideration of the assumptions underlying the characterization of the endogenous buffer. Most critical in this respect is the assumption of a rapid binding and unbinding kinetics of parvalbumin for Mg 2+ , or, more precisely, that . Thus, despite of the favourable experimental conditions provided by the calyx of Held and the numerous detailed studies on the mechanisms of global [Ca 2+ ] i modulation at this synapse, one has to conclude that many aspects of [Ca 2+ ] i signalling in unperturbed nerve terminals remain unresolved. [Ca 2+ ] i transients at the calyx of Held 3195
